A multiscale hybrid mathematical model of epidermal-dermal interactions during skin wound healing. by Wang, Yangyang et al.
UC Irvine
UC Irvine Previously Published Works
Title



















eScholarship.org Powered by the California Digital Library
University of California
Experimental Dermatology. 2019;28:493–502.	 wileyonlinelibrary.com/journal/exd	 	 | 	493© 2019 John Wiley & Sons A/S. 




O R I G I N A L  A R T I C L E
A multiscale hybrid mathematical model of epidermal- dermal 
interactions during skin wound healing
Yangyang Wang1,2,3 |   Christian F. Guerrero-Juarez1,2,3,4,5  |   Yuchi Qiu1,2,3 |   











































proper	extracellular	matrix	deposition	 in	 the	dermis,	 suggesting	 these	 signals	may	
influence	how	wound	scars	form.	Our	model	makes	several	theoretical	predictions.	










the	 simulation	 of	 dynamic	 processes,	 otherwise	 computationally	 prohibitive	 with	
fully	discrete	models	due	to	a	large	number	of	variables.
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1  | INTRODUC TION
Skin	 functions	 as	 a	 vital	 interface	 between	 organism	 and	 its	 en-
vironment.	 When	 injured,	 skin	 rapidly	 heals	 via	 a	 wound	 healing	
programme	 characterized	 by	 four	 distinct	 yet	 overlapping	 phases:	
hemostasis,	inflammation,	proliferation	and	remodelling1,2.	The	pri-
mary	goal	of	 this	 repair	programme	 is	 to	 re-	establish	barrier	 func-





Molecular	 composition	 and	 high-	order	 structure	 of	 collagen	
bundles	 laid	 by	wound	 fibroblasts	 determine	 the	 architecture	 and	
the	 “quality”	 of	 the	 dermal	 scar,	 and	 collagen	deposition	 is	 tightly	




production14,	 while	 direct	 contact	 between	 two	 cell	 types	 stim-






matrix	 (ECM)	deposition20.	This	suggests	 that	 together	with	kerat-
inocytes,	 fibroblasts	and	 immune	cells,	 fibrin	clot	serves	as	an	 im-
portant	signalling	centre	during	wound	repair.	While	multiple	 lines	





ciples	of	wound	healing.	 In	 the	past,	 reaction-	diffusion	model	has	
been	 implemented	 to	 study	biochemical	 regulation	of	 cell	 cycle	 in	
the	 epidermis	 during	 wound	 re-	epithelialization21.	 Another	 study	
implemented	 hybrid	model	 to	 study	 how	 collagen	 fibres	 organize	




















wound	 healing.	 This	 model	 incorporates	 dynamically	 continuous	
epidermal-	dermal	interface,	and	allows	studying	individual	prolifer-













regions:	 the	 dermal	 (D)	 and	 epidermal	 (E)	 regions.	 Each	 region	
is	 distinct	 and	was	modelled	with	 a	 dynamic	 interface	 between	
them,	termed	Ω.	Epidermal	cells	in	E were modelled individually to 
evaluate	their	signal	production	and	proliferation	and	migration	abil-
ities.	 In	contrast,	dermal	 fibroblasts,	 immune	cells,	ECM	 (including	
collagen	bundles),	and	signals	produced	by	cell	 types	not	explicitly	
accounted	for	(such	as	vascular	cells)	were	modelled	in	a	continuum.
2.1 | Discrete model on epidermal cell dynamics 
using subcellular element method
Epidermal	 keratinocytes	were	modelled	 individually	 through	 a	 lin-






2.2 | Continuum model on signalling and 
dermal components
Extracellular	 matrix	 deposition	 and	 diffusive	 signalling	 molecules	
in	both	dermis	and	epidermis	were	modelled	by	reaction-	diffusion	
differential	 equations.	 Dermal	 fibroblasts	 and	 immune	 cells	 were	
modelled	 using	 the	Keller-	Segel	model31,	which	 includes	 reaction-	
diffusion-	advection	equations	controlling	their	diffusion,	chemotac-
tic	movement,	self-	renewal	and	decay.
     |  495WANG et Al.
2.3 | Coupling of discrete and continuum models 
with dynamic interface
We	modelled	epidermal	basement	membrane	as	a	dynamic	interface	
(Ω)	 to	separate	 the	dermis	and	epidermis	and	used	 the	movement	
of	 such	 interface	 to	mimic	dermal	 scar	 formation	dynamics	during	
wound	 healing.	 The	 dynamic	 nature	 of	 the	 interface	 is	 implicitly	
modelled	by	the	level	set	method32	(see	Appendix	S1).
3  | RESULTS
3.1 | A multiscale model with a dynamic interface 
and epidermal- dermal interactions
We	constructed	a	two-	dimensional,	multiscale	mathematical	model	




continuum	 and	 considers	 diffusive	 signals	 produced	 by	 keratino-
cytes,	 dermal	 fibroblasts,	 immune	 cells	 and	 other	 skin	 cells	 not	
explicitly	 accounted	 for	 (see	Methods).	 Both	 compartments	 were	
modelled	 independently	 and	 separated	 by	 a	 dynamic	 interface,	
termed Ω	 .	During	wound	healing,	ECM	production	and	 fibroblast	











To	 systematically	 study	 the	 role	 of	 putative	 regulatory	 signals	
during	 scar	 formation,	 we	 modelled	 diffusive	 signals	 as	 activator	
(A)	and	 inhibitor	 (I).	A	and	 I	 assume	specific	 roles	 in	our	model—A	
promotes	 fibroblast	 proliferation	 and	 ECM	 production,	 whereas	
I	 inhibits	 ECM	 production.	 The	 model	 obeys	 three	 basic	 condi-
tions	 (Figure	1).	First,	both	basal	epidermal	keratinocytes	and	der-
mal	fibroblasts	produce	A	and	I.	 Immune	cells	can	also	produce	A.	
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where	ϕ	 is	 the	 phase	 function	 representing	 the	 epidermal	 region	
(ϕ	>	0)	 and	 dermal	 region	 (ϕ	<	0).	 The	 initial	 condition	 for	ϕ	 is	 the	






3.2 | Coupled signalling between basal 
keratinocytes and fibroblasts maintains dermal 
homeostasis in the model
To	examine	the	effects	of	epidermally	derived	A	and	I	on	dermis	sta-
bility,	we	varied	the	parameters	regulating	signal	production	by	basal	











lated	 timescale	 of	 6	days	 (Figure	2E,	 F,	 black	 line).	We	used	 these	
simulation	 parameters	 as	 a	 baseline	 to	 represent	 the	 homeostatic	
condition	 in	 the	 following	 simulations,	 where	 A	 and	 I	 production	
rates	and	sources	were	perturbed.
Next,	 we	 tested	 the	 effect	 of	 disabled	 epidermal	 A	 and	 I	 on	
dermal	 homeostasis	 (Figure	2B’’,	 B’’’).	 This	 change	 led	 to	 near-	
constant	 levels	of	ECM	and	 fibroblast	densities	 in	D,	except	near	
the	epidermal-	dermal	interface	(Figure	2B,	B’),	where	A	and	I	gra-
dients	 shifted	 downwards	 into	D	 (Figure	 S1B–B’’’)	 and	 over	 time	
fibroblast	density	decreased	(Figure	2F,	blue	line),	while	ECM	den-
sity	 increased	 (Figure	2E,	blue	 line).	This	 suggests	 that	 epidermal	
activator	 signals	 are	 primarily	 involved	 in	 promoting	 fibroblast	
self-	renewal,	 while	 epidermal	 inhibitor	 signals	 prevent	 exces-
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microenvironment.	Increase	in	ECM	output	under	these	signalling	
perturbations	 led	 to	 dermal	 thickening	 despite	 modest	 decrease	
in	 fibroblast	 density	 (Figure	2G,	 blue	 line).	 This	 is	 because	 in	 the	
model	 ECM	 contributes	 to	 dermal	 volume	 changes	 substantially	
more	 as	 compared	 to	 fibroblasts.	 This	 assumption	 is	 in	 line	with	
the	observations	 that	ECM	occupies	 larger	proportion	of	 a	given	
dermal	 volume	 in	 adult	mouse	 skin	 as	 compared	 to	 fibroblasts25. 
These	results	also	suggest	 that	epidermal	signals	 (primarily	 I)	can	
supplement	 dermal	 signals	 and	 contribute	 to	maintaining	 dermal	
skin	compartment	in	homeostasis.

















3.3 | Increased signalling and fast re- 
epithelialization kinetics are essential for scar- free 








allow	for	 “fast”	and	“slow”	re-	epithelialization	 in	order	 to	simulate	
kinetics	 of	 normal	 and	 delayed	 wound	 healing,	 respectively,	 and	
evaluated	their	effects	on	dermal	homeostasis	during	and	after	re-	
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First,	 we	 simulated	 the	 effects	 of	 unchanged	 vs	 increased	
A/I	 epidermal	 signalling	 under	 fast	 re-	epithelialization	 kinetics	
(Figure	3A–D’’’).	 Under	 basal	 signalling	 conditions,	 A/I	 levels	 were	
normal	at	 the	wound	edges	but	dropped	directly	beneath	 the	epi-










dermal	 thickness	 of	 re-	epithelialized	 wounds	 did	 not	 significantly	
change	 compared	 to	 homeostatic	 pre-	wounding	 state	 (Figure	3K,	
black	 line)—a	 more	 biologically	 realistic	 outcome.	 Underlying	 this	
dermal	 compartment	behaviour	 in	 the	model	were	near-	normal	 fi-









H’’’),	 post-	injury	 ECM	 deposition	 (Figure	3I,	 green	 line)	 and	 dermal	
scarring	 became	 exacerbated	 (Figure	3K,	 green	 line).	 Interestingly,	









to	changes	 in	A	and	 I,	 respectively.	Taken	 together,	our	simulations	
indicate	that	proper	closure	of	epidermal	abrasion	wounds	and	return	
of	 injured	 skin	 to	 near-	normal	 homeostasis	 require	 both	 rapid	 re-	
epithelialization	and	increase	in	epidermal	signalling.
3.4 | Simulating fibrin clot density and different 
wound geometries predicts their effects on the 
type and thickness of dermal scar
Previous	studies	showed	that	physiological	inflammatory	processes	
are	necessary	to	achieve	normal	full-	thickness	wound	repair,	while	









clot–derived	 putative	 activator	 (modelled	 as	 A)	 on	 healing	 of	 full-	
thickness	dermal	wounds	 (Figure	S4).	We	assumed	 that	 fibrin	 clot	
forms	in	the	wound	bed	region	during	the	transition	between	hemo-
stasis	and	inflammation	phases	(the	starting	point	of	our	simulations)	
and	 that	 it	 can	 have	 high	 density	 or	 be	 defective	 (ie	 low	 density)	
(Figure	S5).	We	also	assumed	 that	 fibrin	 clot	 serves	as	a	 “passive”	
source	for	A	signal	that	diffuses	through	D and E	compartments,	acts	
on	 dermal	 components	 and	 degrades	 over	 time	 (Figure	4L,	 Figure	






are	deep	and	wide	 (Figure	S9A),	 imitating	 large	excisional	wounds,	
and	that	 form	high-	density	 fibrin	clot	 (Figure	4A-	B’’’).	Under	 these	
conditions,	A	in	the	wound	bed	reached	high	level	(Figure	4A’’’),	in-
cluding	from	immune	cells	(Figure	S7A),	triggering	fibroblast	hyper-	












density	 clot	 conditions,	 signalling	 levels	 for	A	 and	 I	 in	 and	 around	
wound	bed	remained	relatively	low	(Figure	S10A’’,	A’’’)	and	fibroblast	
density	 decreased	 (Figure	 S10J,	 black	 line),	while	 that	 of	 ECM	 re-
mained	 almost	 unchanged	 (Figure	 S10I,	 black	 line).	 Consequently,	
dermal	thickness	recovery	dynamics	were	slow,	such	that	raised	scar	
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depth	 rather	 than	 its	 width.	 Indeed,	 deep	 and	 narrow	 wounds	
(Figure	4G–H’’’)	resulted	in	higher	degree	of	scarring	as	compared	to	
very	shallow	but	wide	wounds	(Figure	4E–F’’’,	K,	green	vs	red	line).
Interestingly,	 the	 above	 correlations	 between	 wound	 size	 and	
scarring	 outcome	were	 altered	 under	 low-	density	 fibrin	 clot	 con-
ditions.	 Wounds	 of	 all	 sizes	 acquired	 depressed,	 hypotrophic-	like	
appearance	 (Figure	S10K),	with	 scars	 resulting	 from	deep	wounds	
showing	decreased	fibroblast	density	(Figure	S10J).	At	the	signalling	
level,	compared	to	high-	density	clot	wounds,	simulated	low-	density	





stimulates	 ECM	production	 and	A2	 that	 only	 stimulates	 fibroblast	
proliferation	 (Figure	S11).	We	 tested	 the	dependency	of	ECM	and	
fibroblasts	on	fibrin	clot–derived	activator	by	assigning	the	clot	 to	
contain	only	A1	 (Figure	S12,	yellow	 lines)	or	A2	 (Figure	S12,	green	
lines).	Simulations	showed	that	 fibroblast	density	highly	depended	
on	its	activator	A2	 (Figure	S12B),	but	that	lack	of	A1	can	be	largely	
























ing	 scar	 tissue	 that	differs	 in	 its	ECM	and	 fibroblast	 compositions	
compared	to	unwounded	skin.	This	 is	consistent	with	the	available	
experimental	and	clinical	data	that	adult	partial-	thickness	and	full-	
thickness	 wounds	 repair	 by	 scarring53.	 Second,	 wide	 but	 shallow	
simulated	 wounds—an	 equivalent	 of	 superficial	 partial-	thickness	
dermal	wounds—repaired	with	 smaller	 scars	 as	 compared	 to	 deep	
wounds	of	different	width,	an	equivalent	of	deep	partial-	thickness	
and	full-	thickness	dermal	wounds.	Indeed,	this	modelling	prediction	
is	 broadly	 consistent	 with	 the	 available	 experimental	 and	 clinical	
data.	Superficial	dermabrasion	wounds,	even	when	relatively	wide,	
typically	repair	with	no	noticeable	scar54,	while	deep,	full-	thickness	




on	 the	 simulated	 repair	 of	 deep	 wounds,	 with	 high-	density	 clots	
causing	 distinctly	 raised,	 hypertrophic-	like	 scars,	 while	 deficient,	









From	 the	 mathematical	 perspective,	 our	 model	 provides	 sev-
eral	 advantages.	 Discrete	 nature	 of	 the	 epidermal	 compartment	
enables	 to	 model	 behaviour	 of	 individual	 keratinocytes,	 including	
cell	proliferation,	migration	and	signal	production.	Within	its	current	
framework,	 the	model	 can	be	easily	 adjusted	 to	 incorporate	 addi-
tional	epithelial	 cell	 types,	 such	as	hair	 follicle	and/or	 sweat	gland	
cell	 types.	The	model	accounts	 for	dermal	compartment	dynamics	
using	continuum	description,	which	eliminates	the	need	for	a	sub-





dermal	 compartments	 (D)	 and	 the	Ω	 boundary	 between	 them	 via	
phase	function,	so	that	a	uniform	mesh	can	be	used	for	both	E and 
D.	This	eliminates	the	necessity	of	generating	two	separate	meshes	





different	 fibroblast	 subtypes	 can	 respond	 differently	 to	 signalling	
cues	 and	 exert	 distinct	 effects	 on	wound	healing.	 Indeed,	 several	
recent	studies	have	identified	distinct	populations	of	mouse	skin	fi-
broblasts	with	distinct	roles	in	ECM	deposition	during	development	
and	wound	 healing10,37,58–61.	 Rinkevich	 et	 al.	 identified	 two	 popu-
lations	of	mouse	skin	fibroblasts:	En1	(Engrailed	homeobox	1)-neg-
ative and En1-positive	 cells.	 The	 former	 are	 abundant	 during	 skin	
development,	and	the	 latter	 increase	 in	numbers	 late	 in	adulthood	
and	predominantly	deposit	collagen	and	remodel	ECM	during	wound	
healing60.	 Developmental	 change	 in	 En1-	positive	 vs	 En1-negative	
fibroblast	 abundance	 affects	 scarring	 outcomes	 in	 skin	 wound-
ing	 experiments59.	 Driskell	 et	al.	 showed	 that	 during	 mouse	 skin	
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development,	two	distinct	fibroblast	types	differentially	contribute	

























healing	phases.	Because	 the	model	 lacks	blood	vessel	 and	blood	
flow	 elements,	 it	 does	 not	 reproduce	 the	 hemostasis	 phase.	
Because	it	contains	fibrin	clot	and	immune	cells,	both	of	which	are	
signalling	 sources,	 the	model	 partially	 reproduces	 the	 inflamma-
tion	phase.	Our	model	is	best	suited	for	studying	the	proliferation	
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